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Limited proteolysis is an important and widely used method for analyzing the tertiary
structure and determining the domain boundaries of proteins. Here we describe a novel
method for determining the N- and C-terminal boundary amino acid sequences of products
derived from limited proteolysis using semi-specific and/or non-specific enzymes, with mass
spectrometry as the only analytical tool. The core of this method is founded on the recognition
that cleavage of proteins with non-specific proteases is not random, but patterned. Based on
this recognition, we have the ability to determine the sequence of each proteolytic fragment by
extracting a common association between data sets containing multiple potential sequences
derived from two or more different mass spectral molecular weight measurements. Proteolytic
product sequences derived from specific and non-specific enzymes can be accurately deter-
mined without resorting to the conventional time-consuming and laborious methods of
SDS-PAGE and N-terminal sequencing analysis. Because of the sensitivity of mass spectrom-
etry, multiple transient proteolysis intermediates can also be identified and analyzed by this
method, which allows the ability to monitor the progression of proteolysis and thereby gain
insight into protein structures. (J Am Soc Mass Spectrom 2005, 16, 38–45) © 2004 American
Society for Mass SpectrometryProteins are dynamic systems containing struc-tured domains linked by flexible loop/hinge re-gions. Flexibility is important for protein confor-
mational changes that carry out specific functions, such
as protein-ligand and protein-protein interactions [1–3].
Limited proteolysis is a widely used method to probe
conformational changes, gain insights into protein ter-
tiary structure, and to define domain boundaries and
dynamics of proteins [4–6]. This approach, which uti-
lizes proteases to cleave one or a limited number of
peptide bonds in a protein, relies on the fact that mobile
and flexible regions within a protein are more sensitive
to protease digestion than organized protein structures,
and thus, the structural and dynamic features of pro-
teins can be defined [7, 8].
Various methods have been used to analyze the
products of limited proteolysis. Routinely, after the
target protein has been digested with sequence-specific
or non-specific proteases, the resulting products are
normally analyzed by gel electrophoresis to examine
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doi:10.1016/j.jasms.2004.08.018the fragment profile or to identify any band pattern
changes of the protein derived from pretreatment of the
protein under different conditions [9–11]. To obtain
further information on the N- and C-terminal bound-
aries of proteolytic products, the bands can be analyzed
by Western blotting [4] or by N-terminal sequencing [5]
to acquire amino acid sequences of the products. The
C-terminus of the product is usually derived when
the definitive N-terminal sequence of the digested se-
quence is known and is combined with the molecular
weight of the product estimated by gel analysis or
measured by mass spectrometry. In a few cases, the
C-terminus of the products have been determined di-
rectly by laborious and complicated C-terminal se-
quencing [12–14].
Mass spectrometry is a powerful tool for gaining
molecular weight information on biological samples
having molecular weights greater than 30 kDa and is
frequently used in conjunction with limited proteolysis
to determine the molecular weight of the proteolyzed
products [11, 15–24]. However, mass measurement
alone does not produce a determination of the sequence
of the proteolyzed products, since multiple subse-
quences usually will be retrieved fitting a given exper-
imental mass, within experimental error. Thus, it is very
difficult to determine the sequence of the product by
mass spectrometry alone.
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[15–21, 24–28] or exopeptidases [12–14], which only cut
at specific amino acids or from the N- or C-terminus of
the protein, are routinely used in combination with
mass spectrometry to narrow the number of possibili-
ties for a given observed molecular weight. However,
the effort to define the structural domain can be com-
promised by the lack of the amino acid(s) required for
the cleavage at the boundaries and the limited action of
the exopeptidases at the N- or C-terminus. To deter-
mine the limited proteolysis products by non-specific
proteases, additional sequence information derived
either from multi-step traditional methods or sub-
sequences defined with specific proteases treatment
[22] is often required.
Therefore, the current analysis of limited proteolysis
products is of restricted versatility. Even though mass
spectrometry provides accurate and sensitive mass
measurement, determination of the sequence of the
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thermolysin.proteolyzed products still routinely requires the tradi-tional time-consuming analysis steps and also demands
significant amounts of sample. Here, we describe a new
method using mass spectrometry as the only analytical
tool for determination of N- and C-terminal boundary
sequences of limited proteolysis products by non-spe-
cific enzymes.
Experimental
Limited Proteolysis
A His-tagged ActRIIB construct (MW 40,772 Da) con-
taining the catalytic domain [29] of the kinase was
purified by NiNTA affinity column. The purified pro-
tein with a concentration of 1 mg/ml was incubated
with a series of specific or non-specific proteases in a
digestion buffer containing 20 mM Tris-HCl (pH 8.0),
150 mM NaCl, 5 mM DTT, and 10% glycerol at 37 °C.
The enzyme to substrate ratio (wt/wt) was 1:500 for
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MO). To the thermolysin digest, 5 mM CaCl2 was
supplemented for the protease to function. 50 L ali-
quots were removed from the 500 L digestion samples
at 5, 30, 60, 90, and 120 min. Digestion was terminated
by the addition of PMSF for trypsin and proteinase K,
and with 10 mM EDTA for thermolysin.
Liquid Chromatography/Mass Spectrometry
Analysis
From each of the 50 L aliquot of digested material, a
5 L sample was extracted that was diluted with 25 L
of 0.1% TFA in water to make a total of 30 L of
solution. Each 30 L sample was placed in a 96 well
plate that was inserted into a Famos (LC Packings, San
Francisco, CA) autosampler. Samples were chilled to
5 °C until injection. Then, a 10 L aliquot of each sample
was injected on-column to a Vydac C-18 capillary
column (0.3  50 mm). An Applied Biosystems (Foster
City, CA) 140D solvent delivery module was used to
deliver an HPLC gradient of 10-80% B over 30 min (A
0.02% TFA in 95% water/5% acetonitrile, B  acetoni-
trile) at a flow rate of 10 L/min. Samples eluting the
column flowed through an Applied Biosystems single
wavelength UV detector operating at 220 nm. The UV
detector was fitted with an LC Packings (San Francisco,
CA) U-Z View flow cell. Samples exiting the UV detec-
tor entered a Micromass (Altrincham, UK) Ultima triple
quadrupole mass spectrometer employing electrospray
ionization and operating in the single quadrupole
mode. The instrument was operated in the positive ion
mode using a capillary voltage of 3.31 kV, a cone
voltage of 110 V, a source temperature of 80 °C, a
desolvation temperature of 120 °C, a cone gas flow of
nitrogen equal to 123 L/h, and a desolvation flow of
710 L/h. The instrument was scanned over the m/z
Table 1. Theoretical sub-sequences of ActRIIBc that fit the obse
Column 1 is the theoretical mass, Column 2 is the difference between th
Column 4 is the actual sub-sequence. In Column 4, the first two and la
amino acids, respectively, that are beyond the sub-sequence.
Table 2. Theoretical sub-sequences of ActRIIBc that fit the obseExplanation of the column of this table is the same as given in Table 1.range of 350–2400 at a rate of 5.2 s per scan. Data was
collected over a 30-min period. Raw data was deconvo-
luted to produce molecular weight information of the
protein and peptide fragments using MaxEnt, which is
the software provided by Micromass for deconvoluting
multiply charged data. The data was processed to
approximately 30% convergence. Other parameters for
MaxEnt were as suggested by the manufacturer.
Data Analysis
A table of molecular weights was prepared for each
digestion time point and compared against other time
points for the same digestion enzyme. For the molecular
weight of each product formed in digestion, a list of
possible sub-sequences of the original protein was
calculated using the program GPMAW, version 4.2
(Lighthouse Data, Odense, Denmark). Subsequences
were calculated with a theoretical error of0.03%. Each
set of subsequences was compared with adjacent mo-
lecular weight subsequences in order to determine if
there was an association between the two molecular
weights. Comparison of the data points occurred and
the common data point was determined.
N-Terminal Sequencing
Automated Edman sequencing was performed on an
Applied Biosystems Procise Sequencer, Model 494. Data
were collected and analyzed using the Applied Biosys-
tems Model 610A software.
Results and Discussion
We used the catalytic domain of the activin receptor
type II B (ActRIIBc), a Thr/Ser kinase, as an example to
demonstrate this method. The construct lacked the first
molecular weight from a 30-min trypsin digest
erved and calculated mass, Column 3 is the subsequence position, and
(red highlighted amino acids) are the two N-terminal and C-terminal
molecular weight from a 30-min thermolysin digestrved
e obsrved
/UV
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the N-terminus. The molecular weight of the ActRIIBc
(167–512) was 40,775 Da (average) when measured by
LC-MS and matched the theoretical mass (40,772 Da) of
the construct with the addition of acetylation at the
N-terminal amino acid. The position of the amino acids
of ActRIIBc in the following text was defined as showed
in Figure 1a. Limited proteolysis of the protein was
performed with trypsin and two non-specific enzymes,
thermolysin and proteinase K. Aliquots of the reaction
mixture were extracted at different times (5 to 120 min)
and the products were analyzed by SDS-PAGE (Figure
1b) and electrospray ionization LC/MS as described in
Figure 2. (a) HPLC/UV of 30-min thermolysin
of 30-min thermolysin digest. Taken from HPLCthe Experimental Methods. Cleavage with trypsin gaveone peak in the high mass range at 39,082.8  7.8 Da
(data not shown). Three possible subsequences (Table 1)
were calculated that matched the observed mass within
experimental error. Since trypsin cuts only at the C-
terminus of Lys/Arg, the only subsequence to match
this requirement was G15-I362, which resulted from
cleavage at R14 and contains the C-terminus of the
protein. Thus, selective action of specific proteases
helps to determine the correct subsequence from mul-
tiple possibilities and this is one of the major reasons
that trypsin has been widely used in conjunction with
mass spectrometry to analyze sequences derived from
limited proteolysis.
t. (b) Deconvoluted electrospray mass spectrum
peak in Figure 2a at a retention time of 16 min.digesOn the other hand, non-selective enzymes such as
pectr
42 STROH ET AL. J Am Soc Mass Spectrom 2005, 16, 38–45thermolysin and proteinase K are less successful when
used only in conjunction with mass spectrometry, since
they can digest a much broader range of amino acids.
For example, after the ActRIIBc was digested with
thermolysin for 30 min, a mass of 35,066 Da was
observed using LC-MS analysis of the proteolysis prod-
ucts. Even when the mass spectral experimental error
was reduced to 0.015% (or 5.3 Da), a total of eight
possible subsequences were retrieved based on the
observed mass within the experimental error (Table 2).
Furthermore, three of the eight possibilities have the
same exact mass (35,061 Da), as they are isomers of each
other (V35-L343, G36-V344, and L34-C342). Without
additional sequence information, it is not possible to
determine which of the eight possibilities is the correct
one. Therefore, to determine the sequence of proteolytic
products of non-specific proteases, additional steps,
such as N- terminal or C-terminal sequencing, or com-
parison with other known subsequences, are normally
required. However, we demonstrate here a method that
uses mass spectrometry as the only measurement de-
vice, and from mass spectral measurements the partic-
ular subsequence can be unambiguously identified de-
rived from proteolytic cleavage by non-specific
enzymes.
The fundamental premise of this method is the
recognition that the cleavage of proteins by non-specific
enzymes (such as thermolysin and proteinase K) is not
random, but patterned. As an example, the HPLC/UV
of a fast gradient LC/MS derived from a 30-min digest
of ActRIIBc with thermolysin is shown in Figure 2a. The
protein peak with a retention time of 16 min gave the
deconvoluted (molecular weight) electrospray mass
spectrum shown in Figure 2b. Deconvoluted molecular
weights were processed over the mass range 30,000–
32000 32500 33000 33500 34000 34500 35000 35500
0
100
%
36000 36100 36200 36300 36400 36500 36600 36700 36800 36900 37000 37100 37200
mass0
100
% 36,395
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38,8
38600 38650 38700 38750 38800
0
100
%
Figure 3. Deconvoluted electrospray mass s41,000 Da. It appeared that this is not a spectrum ofrandom molecular weights; on the contrary, all of the
molecular weight peaks are congregated in a narrow
mass range, suggesting that these mass species are
related. This is again demonstrated in the deconvoluted
mass spectrum of the 5-min proteinase K digestion of
ActRIIBc (Figure 3), which shows two different congre-
gations of peaks.
The question is how these molecular weight peaks
relate to each other. As described above, it is not
possible, based on a single mass measurement to deter-
mine which of the eight possibilities is the correct
sequence for the observed mass of 35,066 Da (Table 2).
However, when the possible subsequences matching all
of the measured masses in a congregation of peaks are
analyzed simultaneously, a pattern emerges showing
the cleavage footprint of the protease at a sensitive site.
As an example, the masses shown in Figure 2b (35,066
Da, 35,178 Da, 35,365 Da, and 35,477 Da) produce four
sets of data of potential subsequences as shown in
Figure 4. A common association running through the
data sets was identified as the sequential cleavage using
non-specific proteases (Figure 4). Polypeptides L34-
C342, L34-343L, L34-345S, and L34-L346L were recog-
nized from each of the data sets that showed the
footprint of thermolysin cleavage. Through this analy-
sis, the consensus sequence was identified from multi-
ple data sets (underlined in Figure 4). A table of all
cleavage products at various digestion time points can
also be determined to demonstrate the progression of
digestion by thermolysin (Table 3). A similar strategy
had been successfully applied to determine the N- and
C-terminal boundary sequences of products digested
by proteinase K at various time-points as shown Figure
5a and b and Table 4.
In addition, the 90-min digests of ActRIIBc with
36500 37000 37500 38000 38500 39000 39500
mass
00 39050 39100 39150 39200 39250 39300 39350 39400 39450
mass
,995
39,105
39,308
um of 5-min proteinase K digest of ActRIIBc.36000
10
38850 38900 38950 390
38thermolysin and proteinase K were also analyzed by
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PVDF membrane and N-terminal sequencing. The
amino acid sequence LVGLK was identified at the
N-terminal of the proteolytic fragment that resulted
from the thermolysin digestion, while amino acid se-
quences IHEDP and EDPGP were identified as the
N-terminal amino acids for the proteinase K digestion
products (data not shown). These findings were consis-
tent with the results obtained using the method de-
scribed in this paper that proteolytic fragments contain-
ing L34 as the N-terminus were present in the 90-min
thermolysin digests (Table 3) and fragments containing
I22 and E24 as the N-terminal amino acids were present
in the 90-min proteinase K digests (Table 4). Thus,
without traditional gel electrophoresis and N-terminal
sequencing, we are able to determine the sequence of
Figure 4. Calculation of all theoretical sub-sequences from
ActRIIBc for each individual mass shown in Figure 2b, within
experimental error.
Table 3. Thermolysin digest data
5 min 30 min 60 min
35,063 (4) 35,066 (1) 35,066 (1)
35,176 (2) 35,178 (3) 35,179 (2)
35,363 (1) 35,365 (2) 35,365 (3)
35,474 35,477 (4) 35,477 (4)
37,577
37,764
38,812
38,994 (3)
39,107
Column 1  observed digest molecular weights after 5-minutes of dige
4  90 min, and 5  120 min. Column 6 is the sequences range identified fo
in parentheses correspond to relative peak height. (1)  highest peak, (2) products of limited proteolysis by non-specific en-
zymes. Since non-specific proteases do not require
specific amino acids for digestion, they are likely to be
90 min 120 min Range
35,067 (1) 35,068 (1) 34–342
35,178 (2) 35,178 (2) 34–343
35,365 (3) 35,368 (3) 34–345
34–346
11–343
11–345
2–345
1–345
1–346
Column 2  as in 1 after 30-minutes of digestion. Column 3  60-min,
Figure 5. (a) and (b) Calculation of all theoretical sub-sequences
from ActRIIBc for each individual mass shown in Figure 3, within
experimental error.stion.
r each observed molecular weight in the first five columns. Numbers
second highest peak, etc.
44 STROH ET AL. J Am Soc Mass Spectrom 2005, 16, 38–45more continuous and efficient in cleaving flexible re-
gions of a protein compared with specific proteases that
may be hindered by the absence of the specific amino
acid in an accessible region of a protein. Thus, this rapid
LC-MS analysis of limited proteolysis products by non-
specific proteases provides a more effective tool to
probe and determine the domain boundaries of pro-
teins.
The accuracy of the mass determination is critical,
since the number of potential polypeptide sequences
that match a given measured mass grows proportion-
ally with experimental error. A large experimental error
makes the identification of the common association
between data sets difficult, because it compromises our
ability to determine the single correct sequence from
a list of many polypeptides matching the measured
mass.
Because this method employs LC-MS, it is a sensitive
tool for the analysis of minor transient proteolytic
intermediates and is useful for monitoring the progres-
sion of proteolysis. Table 3 shows the proteolytic prod-
ucts that are identified during the time course of
digestion of ActRIIBc with thermolysin. Multiple N-
and C-terminally truncated fragments are identified
after 5-min of incubation of ActRIIBc with thermolysin.
Some products are transient and are further cleaved
(e.g., H2-S345 and L11-S345), while others are relatively
stable even when treated for up to 2 h (e.g., L34-C342
and L34-L343). Combining the digestion data of ther-
molysin and proteinase K (Figures 4 and 5), we deter-
mine that the polypeptide containing L34-T338 of Ac-
tRIIBc is relatively resistant to proteases digestion and
composes a compact core structure of the kinase. The
ability to analyze and identify transient intermediates
and relatively stable polypetides during the course of
digestion allows us to track the footprints of non-
specific proteases, define domain boundaries, and gain
more insight to the dynamic features of the protein.
Another important feature of this method is robust-
ness. With traditional methods, the probability of ob-
taining sequence information of the proteolytic prod-
ucts is often compromised by the resolution and
sensitivity of SDS-PAGE and N-terminal sequencing. It
Table 4. Proteinase K digest data
5 min 30 min 60 min
35,634 (4)
35,879 (4) 35,881 (3)
36,069 (3) 36,070 (2)
36,395 36,400 (1) 36,401 (1)
36,586 36,586 (2)
36,697 (4)
38,810 (2)
38,995 (1)
39,105 (3)
39,308
Explanation of columns identical to that of Table 3.often requires an optimization process to either resolvedigestion products or identify a set of digestion condi-
tions that result in only a very few cleavage products
accumulating for successful N-terminal sequencing. As
shown in Figure 4, at least four mass species were
detected using LC-MS, though the digestion products
were barely separated by traditional gel electrophoresis,
which made downstream N-terminal sequencing anal-
ysis challenging. However, with the sensitivity and
accuracy of the current method, sequences of the pro-
teolytic products can be successfully determined during
the course of digestion (Figures 4, 5 and Tables 3, 4)
even if the products are transient and within a narrow
mass range. Although an LC/MS run time of 30 min/
sample was used in the current set of experiments, we
have found that ballistic gradients employing a 10-min
LC/MS run time (data not shown) are quite sufficient
for this analysis. With optimization, the speed can be
further improved.
Thus, this method provides a rapid, simple, accurate,
and robust analysis for determining the sequences of
limited proteolysis products using non-specific pro-
teases. Because of the sensitivity of LC-MS, only a very
small quantity of protein is required for analysis. The
process could be automated in a high throughput
format and be applied to define domain boundaries of
proteins for construct design for structure studies and
to probe detailed conformational changes of proteins
when exposed to various treatments, such as activation
or suppression.
Conclusions
We developed a rapid and accurate LC-MS method for
the analysis and determination of product sequences of
limited proteolysis using non-specific enzymes. The
sequences of the proteolysis products at a given time
point can be determined based solely on mass measure-
ment and the progressive action of a non-specific pro-
tease. This finding eliminates the dependence on the
traditional methods of gel electrophoresis and N-termi-
nal sequencing, which often compromise the accuracy
90 min 120 min Range
35,632 (4) 35,632 (3) 24–338
35,882 (1) 35,881 (1) 22–338
36,070 (2) 36,071 (2) 22–340
36,401 (3) 36,401 (4) 22–343
22–345
22–346
1–343
1–345
1–346
1–348and sensitivity empowered by mass spectrometry.
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